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Introduction
Tauopathies are a group of neurodegenerative disorders involving tau, a microtubule-associated protein, and are characterized by intracellular aggregates of hyperphosphorylated tau [1] . To This model is frequently used to evaluate potential therapies for AD. An appropriate effect size is critical to guarantee that the dynamic range for a particular cognitive task is wide enough such that subtle treatment effects can be detected. Here, we examine the effect and sample sizes needed for three learning and memory tasks: (1) the most commonly used task with AD mouse models, the Morris water maze (MWM); (2) a task allowing for daily, longitudinal assessment, the Incremental Repeated Acquisition task; and (3) a rapid test requiring only two days, the trace fear conditioning task. Because of the recent recognition that mutant protein expression during developmental periods can result in phenotypes not related to AD (e.g., [4, 5] ), we examined learning and memory in mice with adult-onset P301L tau expression.
In the Tg(tauP301L)4510 model, P301L human tau is driven by the calcium-calmodulin kinase II␣ (CaMKII␣) promoter system. This model uses the tetracycline transactivator (TTA) expressed from the CaMKII␣ promoter to produce a conditional model of tauP301L expression. In the absence of tetracycline, tau is expressed, whereas in the presence of tetracycline (or a tetracycline derivative, such as doxycycline), tau expression is suppressed ( Fig. 1A and B ). The CaMKII␣ promoter was believed to not produce transgene overexpression during the perinatal period [3, 6] , yet in this model, tau expression can be detected as early as postnatal day 7 [3] , a time when many neurogenic events take place [7] . Recent work with tet-off amyloid precursor protein (APP) transgenic mice suggests use of the CaMKII␣ promotor system results in early postnatal APP overexpression, leading to severe locomotor hyperactivity; delaying transgene onset until adulthood attenuates locomotor hyperactivity, suggesting this phenotype is a developmental confound resulting from APP overexpression during brain development [4] . Similarly, a comparison of the effects of perinatal versus adult-onset P301L tau expression in the Tg(tauP301L)4510 mouse revealed differences in neuron loss, neurofibrillary tangles, and astrogliosis/microgliosis [5] . Because of these developmental effects of protein expression, more and more laboratories are using this adult-onset model to examine the effects of therapeutics and/or the mechanisms of neuropathology. Thus, we sought to provide critical information about the effect sizes needed to detect early and subtle memory deficits in mice with adult-onset P301L tau expression.
One goal of the current study was to establish that memory deficits are dependent upon tau expression. Because the hippocampus is one of the first regions affected in AD [8] , most studies examining memory deficits in tau mouse models have used the hippocampal-dependent Morris water maze (MWM) task [2, 3, 9] . To determine whether tau expression is required for memory deficits, tau was suppressed from conception until 3 months of age and memory was examined using the MWM at 2.5 months of age, before tau expression began. Previous work with tauP301L mice expressing tau during development suggests these mice exhibit memory deficits in the MWM after approximately 3 months of tau expression [2, 3] . To determine whether a similar duration of adultonset P301L tau expression would result in memory deficits, we examined tauP301L mice at 6 months of age, after approximately 3 months of tau expression.
A second goal of this study was to identify a longitudinal task, as well as a high-throughput rapid memory task, sensitive to P301L tau expression. For longitudinal testing, we used the hippocampal-dependent incremental repeated acquisition (IRA) of response chains task [10] [11] [12] . In the IRA task, mice are required to make a sequence (or chain) of nose-poke responses for delivery of sweetened milk. Each session begins at a chain length of one (e.g., one right nosepoke response results in the delivery of milk). The chain length then increments by one (left then right result in milk delivery) after a criterion level of mastery in the previous chain is reached. That is, mice have to make three consecutive correct chains The addition of doxycycline (DOX 40 ppm) to the drinking water prevents the transcription of tau by preferentially binding to the tetracycline transactivator (tTA) protein. In the absence of DOX, transcription occurs. (C) In the absence of DOX, TauP301L mice exhibit strong tau expression in the hippocampus at 3.5 months of age when examined using an antibody that recognizes both mouse and human tau (Tau-5), or just human tau (T-14). In the presence of DOX, tau expression is suppressed in tauP301L mice at 3.5 months of age. Equal loading was observed across the lanes (␣-tubulin). (D) Whole and hemi-forebrain weights were similar for controls and tauP301L mice on or off DOX at 3.5 months of age. before another nose poke is added to the chain. The incremental nature of the task prevents floor performance by increasing the chain requirement when the mouse correctly performs. Likewise, because the task adjusts task difficulty based on the ability of each mouse, extinction (or a cessation of responding) due to a lack of milk delivery is prevented. Even though the chain length reached by the end of the session varies, the mice earn approximately equal numbers of milk deliveries, thereby preventing cessation of responding. The version of IRA used here is separated into a performance session, where the sequence of responses trained is always the same, and a learning session, where a different sequence of responses is trained in each session [12] . One session is run each day, and the two types of sessions alternate daily. Because a new sequence is presented during each learning session and advancement of the chain is based upon a mouse's ability, the task remains difficult across time, allowing for longitudinal assessment of learning and memory.
For some situations, prolonged memory testing is not feasible or suitable to the experimental question, and thus, identification of a memory test capable of detecting deficits in tauP301L mice without prolonged training was sought. The trace fear conditioning paradigm takes only two days, one training and one testing day, thereby allowing for rapid, high-throughput testing of mice. To our knowledge, the trace fear conditioning paradigm has never been used with the tauP301L model. In the trace fear conditioning paradigm, mice are presented with a neutral stimulus (tone) paired with an aversive stimulus (shock), but the tone and shock are separated by a stimulus-free interval called the trace interval, which engages both the hippocampus [13] and prefrontal cortex [14] . This protocol allows for assessment of both contextual and cued conditioning. Here, we sought to determine whether the trace/contextual fear conditioning paradigm would serve as a rapid memory test for use with the adult-onset tauP301L mouse model.
A third goal was to report the effect and sample sizes needed for each of the behavioral tasks used. Essential in any study design is the inclusion of an adequate sample size to detect statistical differences. Properly powering studies is particularly important when the deficits are likely to be subtle, such as during early stages of the disease process. The recent increase in studies examining mouse models before late-stage pathology (e.g., neuron loss) develops means properly powering studies is more important than ever. Failure to do so can result in underpowered studies and a misinterpretation of the results.
Materials and methods

Subjects
Mice expressing P301L mutant human tau linked to a hereditary tauopathy [15] were created by crossing mice harboring a responder transgene with mice harboring an activator transgene ( Fig. 1A) . Responder mice in an FVB background strain were initially generated by placing a tetracycline-responsive element (TRE) upstream of cDNA encoding human four-repeat tau with the P301L mutation, lacking both N-terminal inserts (4R0N tauP301L) [2] . The activator transgene in a second mouse line of a 129S6 background strain comprised a tet-off open reading frame placed downstream of a CaMKII promoter [3] . Heterozygous responder and activator mice were bred together to create bigenic progeny containing both transgenes; only the resulting +/+ FVB/129S6 mice, referred to as tauP301L mice, overexpress mutant P301L human tau. Littermate control mice do not express tau or exhibit behavioral impairments [2, 3] . The necessary mice to maintain activator and responder lines were generously donated by Dr. Karen Ashe at the University of Minnesota.
The use of the CaMKII promoter results in tau expression that is restricted to the forebrain [3, 16] , the regions most affected in AD [17] . This responder/activator system also allows for the conditional expression of tau. In the tet-off system, the tetracycline transactivator (tTA) protein binds to the TRE in absence of doxycycline, a tetracycline derivative, resulting in transcription of tau ( Fig. 1B) . In contrast, in the presence of doxycycline, tTA cannot bind the TRE, resulting in suppression of transcription [18] . Tau expression was suppressed during development using doxycycline hyclate (DOX 40 ppm). DOX was administered via water bottles to pregnant dams two weeks before mating, and DOX exposure continued in the experimental mice, both controls and tauP301L mice, until approximately 3.5 months ±2 weeks of age. All mice were housed, between two and five per cage, in a temperature and humidity-controlled colony room with a 12:12 light/dark cycle.
To ensure 40 ppm DOX would suppress tau expression but not alter brain weights, 10 mice (n = 5 tauP301L and n = 5 controls) were placed on 40 ppm DOX from conception until 3.5 months of age; tau expression, whole brain weight, and hemi forebrain weight were compared to 3.5 month mice (n = 5 tauP301L and n = 5 controls) not on DOX. Eighty-seven mice were (n = 41 tauP301L and n = 46 controls) tested in the Morris water maze (MWM) at 2.5 months, before removal of DOX from the drinking water at 3 months of age. At 6 months of age, after approximately 3 months of tau expression, the same mice were tested again in the MWM. Twenty mice (n = 9 tauP301L and n = 11 controls) began testing in the IRA procedure at approximately 3.5 months of age and continued until approximately 6.5 months of age. Weight was maintained between 85 and 90% of each mouse's free feeding weight. Fear conditioning took place at approximately 6.5 months of age, after 3 months of tau expression; 19 mice (n = 8 tauP301L and n = 11 controls) were examined using a 10 s trace and 20 mice were (n = 7 tauP301L and n = 13 controls) examined using a 30 s trace. Approximately half of the mice were female and half were male; sex differences were not observed in any behavioral task (ps > 0.05) and will not be described below. All experimental procedures were conducted in accordance with the standards of Institutional Animal Care and Use Committee (IACUC) and approved by West Virginia University's IACUC.
Morris water maze (MWM)
Spatial reference memory was measured using the Morris water maze with a protocol tailored for the rapid learning of the 129FVBF1 mice and previously described in detail [19] . Mice were prehandled for 10 days during the 2 weeks preceding Morris water-maze testing. Prehandling consisted of a 20 s exposure to water at a depth of 1 cm and was designed to acclimate the mice to the introduction and removal from the testing pool. Mice received visible platform training for 3 days, 6 trials per day, followed by hidden platform training for 6 days, 4 trials per day. Four probe trials of 30 s duration were performed 20 h after 8, 12, 16, and 24 hidden training trials. The platform crossing index (PCI) for each of the four probe trials was calculated and analyzed, as well as the mean of the PCI across the four probe trials (Mean PCI). All trials were monitored using a computerized tracking system (Noldus EthoVision 3.0; Noldus Information Technology, Wageningen, The Netherlands), and performance measures were extracted using Wintrack.
Incremental repeated acquisition (IRA)
Apparatus
Testing took place in six standard model ENV-022 operantconditioning chambers (Med Associates, St. Albans, VT) contained in sound-attenuating cubicles, dimensions 22 W × 15 H × 16 D. An automated syringe and tubing system delivered 20 L sweetened condensed milk, diluted 50:50 with water, into a constantly accessible holding cup as reinforcement. Chambers were equipped with nose-poke sensors to the left (L) and right (R) of the milk cup, and on the back wall across from the milk cup (B), which counted responses by interruption of a photobeam. Two sonalert tones, 2900 Hz (referred to as "low") and 4500 Hz (referred to as "high"), functioned as discriminative auditory stimuli. Fans ran constantly for ventilation, and a house light above the back nose-poke turned on during the interval following an incorrect response. Programming was completed in MedState Notation and conducted with 10 ms temporal resolution in MED-PC IV (Med Associates, St. Albans, VT).
Training
Mice were removed from DOX the first day of training. All behavioral sessions were conducted six to seven days per week with each subject tested in the same chamber and at approximately the same time each day. Nose-poking was autoshaped in daily 1.5-h sessions beginning on the left nose-poke hole. In the first component of the autoshaping procedure, noncontingent milk (i.e., no response was required for milk delivery) was delivered after a 5.5-min interval, during the last 30 s of which, the active nose-poke hole was illuminated and a tone sounded. Responses on the active nose-poke alternative also resulted in milk delivery (reinforcer). After 10 correct responses or 20 noncontingent milk deliveries, the mouse entered Component Two, in which noncontingent milk deliveries were no longer given. During Component 2, the active nose-poke hole was constantly illuminated and a response on the active nose-poke resulted in milk delivery. Sessions ended either after 40 reinforced nose-pokes or when 1.5 h had passed, whichever occurred first. After entering Component Two, mice were not returned to Component One on subsequent days training the same nose-poke. Two consecutive days of 40 reinforced nose-pokes was the criterion used to determine response acquisition, at which point the mouse was placed into Component One on a new nose-poke hole during the next session. Training was complete when all mice acquired each of the three nose-poke responses. Mice were then returned to Component Two on each of the three nose-poke alternatives for an additional session to ensure retention of acquired responding. Training was completed in 12-13 sessions.
IRA testing
The IRA procedure has been described in detail previously [20] . The IRA procedure consisted of daily 60-min sessions in which a maximum of a six-link chain could be reached by backward chaining. Thus, the performance chain of LRBLBR would be incremented as R > milk, B > R > milk, L > B > R > milk, etc. Six sequential correct responses were required to advance from a one-link chain, whereas all further chains required three consecutive correct chains to progress.
The three nose-poke sensors were illuminated at the start of each session. A correct chain resulted in a low tone and delivery of milk, followed by a 5-s inter-trial interval in which all lights were darkened and nose-pokes had no programmed consequences. Any incorrect response (1) illuminated the house light for a time out period of 5 s, during which responding had no programmed consequence, (2) turned off the LED in the active nose-poke hole, and (3) returned the current chain length to the response farthest from reinforcement. The consecutive number of correct chains completed was also reset. Responding in the last second of either the inter-trial interval or time out extended the period for an additional 2 s. A unique auditory discriminative stimulus was paired with each link; steady high, pulsing high, pulsing low, steady low, fast pulsing low, and fast pulsing high tones sounded in links one through six, respectively. IRA sessions could be terminated if a mouse earned 50 reinforcers in a six-link chain or the 1-h time limit elapsed, whichever occurred first.
The first 25 sessions were performance sessions, where the chain of responses being trained was always the same (LRBLBR). After the 25th session, sessions alternated between performance and learning sessions, where the response chain differed in each session. Learning sequences were presented in pseudorandom order without replacement, so that no two consecutive sequences (separated by a performance session) had the same initial nosepoke response. One of the following 17 sequences was trained on learning days: RLBRBL, LBRLBR, BRBLRL, RBLBRL, BLRBRL, LBRLRB, RBLRLB, BLBRLR, BLRBLR, LRBLRL, LRLBRB, RLRBLB, RLBLRB, RLBLBR, BRLBLR, BRBRLR, or LBRLBL. Sequences were generated such that no individual response was repeated twice in a row, and each sequence contained at least one response in each nose-poke hole. In addition, no learning sequence could include more than four nose pokes in the same position as in the performance sequence. The nose-poke sensors flashed during learning sessions instead of remaining continuously illuminated, and checkerboard patterns were placed on the window of each chamber to serve as a unique stimulus associated with a learning session.
Dependent measures included maximum chain length reached, total responses (i.e., nose pokes), total reinforcers, accuracy (total correct/(total errors + total correct) × 100), and a weighted average of earned reinforcers, called progress quotient (PQ). PQ is derived by the formula: PQ = [1(Rf 1 ) + 2(Rf 2 ) + 3(Rf 3 ) + 4(Rf 4 ) + 5(Rf 5 ) + 6(Rf 6 )]/Total reinforcers, where Rf x signifies the number of reinforcers earned in chain length x [12, 21] . PQ is a more useful gauge of performance than overall accuracy in a mastery-based IRA, where each mouse may reach a different chain length on each day [20] . Using Pearson r correlations, we correlated total responses and total reinforcers during acquisition. Raw data was extracted to a Microsoft Excel spreadsheet using MED-PC to Excel (Med Associates, St. Albans, VT)
Contextual and trace fear conditioning (FC)
Apparatus
Trace conditioning training occurred in a MED-VFC-NIR-M chamber (12 H × 9.5 W × 8.25 H) from Med Associates. Through a connection from the PC to the chamber, the software (MED-SYST-VFC, Med Associates Inc.) controlled the test shock current and sound pressure. After a shock current was delivered, the program measured freezing behavior, defined as the absence of motion, except that needed for breathing, for 1 s. The software calculated the percent of freezing using data from the near infrared camera. Distinct contextual cues differentiated the training (context A) and tone-retention testing (context B) conditions. In the training condition (context A), there was a grid floor and background noise from the ventilation system. Lights were turned on inside the chamber, while the room light was turned off, and a 95% ethyl alcohol solution was used to clean the chamber. In contrast, the tone-retention testing context (context B) consisted of a plexiglass floor with curved inserts to change the shape of the chamber. The ventilation system and the lights inside the chamber were turned off, the room light kept on, and a 1% acetic acid cleaning solution was used to clean the chamber.
Training and testing
On training day, the mouse was placed into a novel chamber (context A). After 3 min of acclimation, mice were presented with a 15 s tone (conditioned stimulus (CS): 85 dB, 3 kHz tone) followed by a 2 s footshock (unconditioned stimulus (UCS): 0.65 mA) separated by a trace interval of either 10 s (group 1) or 30 s (group 2). After a 200 s inter-trial interval (ITI), the procedure was repeated four times, for a total of five tone-shock pairings. The mice remained in the chamber an additional 1 min following the last ITI.
Twenty-hours after training, retention of the contextual CS:US memory was assessed by measuring freezing following placement into the original training chamber (context A). Freezing behavior was evaluated for 5 min, and no stimuli were presented during this phase. Approximately 4 h later, retention of the tone and trace CS:US memory was examined by placement into a novel context (context B). Mice had a 3 min acclimation period to explore the chamber, during which baseline freezing behavior was scored. Immediately following this period, a 15 s tone was presented, and freezing behavior during this tone was scored. Freezing behavior for the 10 s (group 1) or 30 s (group 2) interval immediately following cessation of the tone was also measured and used to assess trace memory. A 210 s interval of no stimulus presentation followed the tone, and the mouse was removed upon completion of this period. 
Western blots
The ability of 40 ppm DOX to suppress tau expression was assessed by removing hippocampi and mixing 3 g aliquots with loading buffer (450 mM Tris HCl, pH 8, 8% SDS, 24% glycerol, 5% ␤mercaptoethanol, 0.1% bromophenol blue, 0.1% phenol red). Before loading, samples were heated to 100 • C for 5 min and then separated on 10% Tris-HCl SDS-PAGE gels (Bio-Rad, Hercules, CA), and transferred onto 0.45 m polyvinylidene difluoride membranes (Millipore, Bedford, MA). Membrane blots were blocked for 1 h at RT in 5% BSA in 0.1% Tween 20/Tris-buffered saline (TTBS; 396 mM NaCl, 20 mM Trizma base, pH 7.4). After blocking, membranes were incubated with an antibody directed against mouse and human tau (Tau-5, 1:5000), human tau only (T-14, 1:500), or ␣-tubulin (1:5000) overnight at 4 • C. The next day, membranes were incubated with extrAvidin peroxidase (1:5000) for 30 min at RT, followed by incubation with the appropriate biotinylated secondary antibody (1:60,000) for 60 min at RT. Immunoreactive bands were visualized by enhanced chemiluminescence (Pierce Chemical) on X-ray film. Membranes used to detect tau were first probed with Tau-5 or T-14, then stripped with Restore PLUS Western blot stripping buffer (Pierce Chemical) and re-probed with the ␣-tubulin. All bands were normalized to ␣-tubulin.
To examine the effects of P301L tau expression on total cAMP response element-binding protein (CREB) and CREB phosphorylation, mice were decapitated and the prefrontal cortex (PFC) and hippocampi rapidly removed and stored at −70 • C. The brain tissues were then lysed with RIPA lysis buffer (Upstate Chemicon, Temecula, CA) containing protease and phosphatase inhibitors (Pierce Biotechnology, Rockford, IL) and centrifuged at 13,000 rpm for 30 min at 4 • C. The supernatant was assayed for total protein concentrations using BCA assay kit (Thermo Scientific, Rockford, IL). Samples were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, and the separated proteins were transferred onto polyvinylidene difluoride membranes. Blots were then incubated in blocking buffer for 2 h at room temperature, washing in tris-buffered saline with 0.1% Tween 20 (TBST), and incubated with the appropriate primary antibodies overnight at 4 • C (anti-pCREB Ser133 , 1:1000; anti-CREB, 1:1000 and anti-␤ actin, 1:1000). After washing, the blots were incubated with the secondary antibodies (IRDye 800CW Gt Anti-Mouse IgG (H + L) or IRDye 700CW Gt Anti-Rabbit IgG (H + L), 1:10,000) for 1 h at room temperature. The detection quantification of specific bands was carried out using a fluorescence scanner (Odyssey Infrared Imaging System, Li-COR Biotechnology, South San Francisco, CA) at 700 nm and 800 nm wavelengths.
Immunohistochemistry
Immunohistochemical detection of total and phosphorylated tau species in transgenic and control mice was performed as previously described [3, 9] . Briefly, hemibrains were immersion fixed in 10% formalin for 24-48 h and embedded in paraffin. Serial sections were cut at 5 m using a microtome, mounted onto CapGap slides (Thermo-Fisher), and rehydrated according to standard protocols. Mounted slides were pretreated with a citrate buffer (pH 6.0) in a Black & Decker (Owings, MD) steamer for 30 min, with a 10 min cool down. Standard 2 d immunostaining procedures using peroxidase-labeled streptavidin and DAB chromagen on an automated TechMate 500 capillary gap immunostainer (Ventana Medical Systems, Tucson, AZ) were used with antibodies directed against ( Table 1 ). Photomicrographs of hippocampal and cortical neurons were captured at three different magnifications (×5, ×10 and ×40) with a Zeiss Axioskop microscope coupled to a CCD camera and processed and assembled in Adobe Photoshop. No positive labeling was observed for pathological tau epitopes in nontransgenic mice.
Statistical analyses
Systat ® 11 (Systat Software, Inc. Point Richmond, CA) was used for all statistical analyses described below. The Type 1 error rate (␣) was set to 0.05 for all tests. For repeated measures ANOVAs, the Huynh-Feldt correction was used when necessary to adjust the degrees of freedom for the tests of within-subject effects. F-ratios, degrees of freedom, and p-values are reported for all RMANOVAs. All error bars display the standard error of the mean unless otherwise noted.
Effect size and sample size needed was calculated for (1) MWM: PIC for probe trial and the mean PIC, (2) IRA: PQ in the last 5 sessions of acquisition, the performance component, and the learning component, (3) FC: significant effects, including percent freezing in the novel context for the 10 and 30 s trace conditions, as well as the trace CS:US memory in the 30 s trace condition. Cohen's d for t-tests was used to calculate effect sizes for two reasons. First, because of the popularity of this measure, inclusion in the current study allows for easier comparison to other published studies. Second, the use of categories to classify effect sizes (Cohen's classification: 0.20-small, 0.50-medium, and 0.80-large [22] ) facilitates comparisons of this experiment's effect size results with known benchmarks. As previously reported [23] , effect size was calculated by computing the standardized mean difference (SMD) as the difference between the controls and tauP301L divided by the pooled standard deviation. Effect sizes were computed as Cohen's d where a positive effect size represents better performance for the controls when compared to tauP301L mice (Table 2) . Sample size was determined by computing the SMD, setting the probability of a Type I error (␣) and power at 0.05 and 0.80, respectively, and setting the alternative as not equal. 
Results
Tau suppression
Tau expression was compared using Tau-5, which recognizes both human and mouse tau, and T-14, specific for human tau, to determine whether 40 ppm DOX effectively suppressed tau expression ( Fig. 1C ). TauP301L mice not exposed to DOX exhibited strong tau expression at 3.5 months of age, whereas tauP301L mice exposed to DOX from conception until 3.5 months did not. Neither tau expression nor DOX exposure altered whole brain weight (Tg: F(1) = 1.19, p = 0.29; DOX: F(1) = 0.40, p = 0.54; Tg × DOX: F(1) = 0.16, p = 0.69). Because tau expression is limited to the forebrain [3] , hemi-forebrain weight was also compared. Neither tau expression or DOX treatment affected hemi-forebrain weight (Tg: F(1) = 0.9, p = 0.36; DOX: F(1) = 0.19, p = 0.66; Tg × DOX: F(1) = 0.48, p = 0.49).
Morris water maze
Pathlength in visible platform training did not differ between controls and tauP301L mice (Tg: F(1, 85) = 0.86, p = 0.36; Tg × Day: F(5, 425) = 302.5, p = 0.06). At 2.5 months of age, prior to the onset of tau expression, pathlength during hidden platform training did not differ across training blocks for controls and tauP301L mice ( Fig. 2A ; Tg: F(1, 85) = 1.21, p = 0.28; Tg × Day: F(5, 425) = 0.71, p = 0.62). In contrast, at 6.5 months, after 3 months of tau expression, tauP301L mice demonstrated significantly longer pathlengths in hidden platform training across all training blocks ( Fig. 2B ; Tg: F(1, 83) = 41.96, p < 0.0001; Tg × Day: F(5, 415) = 0.6141, p = 0.69). To determine the effects of tau expression on spatial reference memory, the mean PIC of probe trials was compared at 2.5 and 6.5 months of age. Comparing mean PIC revealed a transgene by age interaction (F(1, 83) = 15.14, p = 0.0002); tauP301L mice at 6.5 (p < 0.0001; Fig. 2D ) but not 2.5 (p = 0.78; Fig. 2C ) months displayed impaired retention of spatial reference memory. Though significant differences in PIC were observed for all four probe trials (Fig. 2D ) at 6.5 months of age, effect and sample size analyses suggests that only the latter two probe trials (3 and 4) are sensitive enough to detect group differences using a realistic experiment design ( Table 2) . Probe trials 1 and 2 require many mice (67 and 70 mice per group, respectively) to achieve .80 power, whereas probe trials 3 and 4 require more practical sample sizes, 24 and 9 mice per group, respectively.
Incremental repeated acquisition
We next examined the sensitivity of a longitudinal behavioral task that allows for daily assessment. We observed no differences between controls and tauP301L for any measure during autoshaping of nose poke responses (ps > 0.05). For the IRA procedure, the first 25 sessions of training were performance sessions [12] , where the chain of responses being trained was always the same (LRBLBR). For both total responses (Fig. 3A) and reinforcers (Fig. 3B) , a main effect of transgene was observed such that tauP301L made fewer responses (Tg: F(1, 16) = 6.61, p = 0.021) and earned fewer reinforcers (Tg: F(1, 16) = 7.39, p = 0.015). This effect was observed across sessions for both responses (Tg × Session: F(24, 384) = 1.0489, p = 0.402) and reinforcers (Tg × Session: F(24, 384) = 1.08, p = 0.36). To assess whether the decreased number of reinforcers earned by tauP301L mice might be related to their lower rates of responding, the correlation between the two measures was assessed. Reinforcers and responses were positively correlated when all mice were included (Rein = 5.7 + 0.1 × Resp, r = 0.69, p < 0.0001), as well as when controls (Rein = 6.9 + 0.1 × Resp, r = 0.58, p < 0.0001) and tauP301L (Rein = 6.2 + 0.1 × Resp, r = 0.72, p < 0.0001) mice were examined separately.
For chain length, accuracy, and PQ ( Fig. 3C-E) , there was a significant interaction between transgene and session for all measures (Tg × Session: chain length F(24, 384) = 3.20, p < 0.0001; accuracy F(24, 384) = 2.39, p = 0.0003; PQ F(24, 384) = 3.42, p < 0.0001). Chain length, accuracy, and PQ were similar at the beginning of training, but controls improved at a faster rate as training progressed though both groups did improve across sessions for all measures (effect of session within each group; ps < 0.05).
Starting with session 26, days alternated between learning and performance sessions and continued in this manner for a total of 90 sessions. Whereas tauP301L mice made fewer responses during acquisition, responding was similar between the groups for performance sessions after acquisition ( Fig. 4A ; Tg: (F(1, 15) = 1.95, p = 0.18); Tg × Session: (F(28, 420) = 0.77, p = 0.79).
Similarly, responding did not differ during learning sessions ( Fig. 4B ; Tg: F(1, 15) = 1.22, p = 0.29); Tg × Session: F(31, 465) = 0.73, p = 0.85). TauP301L mice earned approximately the same number of reinforcers for performance sessions (Fig. 4C ; Tg: F(1, 15) = 3.37, p = 0.09); Tg × Session: F(28, 420) = 0.54, p = 0.98), but earned slightly fewer during learning sessions ( Fig. 4D ; Tg: F(1, 15) = 7.13, p = 0.018); Tg × Session F(31, 465) = 1.018, p = 0.55).
For performance sessions, the maximum chain length reached by the end of each session was lower for tauP301L than controls ( Fig. 5A; Tg: F(1, 15) = 20.65, p = 0.0004), regardless of session (Tg × Session: F(28, 420) = 1.40, p = 0.086). For learning sessions (Fig. 5B) , a marginal effect of transgene was observed for chain length (Tg: F(1, 15) = 4.35, p = 0.06) but there was no interaction between transgene and session (Tg × Session: F(31, 465) = 0.95, p = 0.44). Accuracy in performance ( Fig. 5C ) and learning (Fig. 5D ) sessions was significantly lower in tauP301L mice than controls (Tg: F(1, 15) = 11.96, p = 0.0035 and F(1, 15) = 10.8, p = 0.005, respectively), an effect that did not change across sessions (Tg × Session: F(28, 420) = 0.95, p = 0.54 and F(31, 465) = 0.81, p = 0.76, respectively). Similarly PQ was significantly lower for tauP301L mice in both the performance (Fig. 5E ) and learning (Fig. 5F ) components (Tg: F(1, 15) = 20.29, p = 0.0004 and F(1, 15) = 5.77, p = 0.03, respectively) and did not change across sessions (Tg × Session: F(28, 420) = 0.77, p = 0.8 and F(31, 465) = 1.00, p = 0.46, respectively).
Effect sizes for PQ were determined using the last 5 sessions of acquisition, performance and learning sessions ( Table 2 ). The effect size for acquisition was largest at 1.57. The effect size for performance sessions at the end of the study was reduced to 0.85. The effect size for learning was very small 0.09, suggesting this task is not very sensitive to effects of P301L tau expression. Fig. 4 . Responding and reinforcers earned in the IRA. Responding did not differ between tauP301L and controls for performance (A) or learning (B) sessions. Though reinforcers earned were similar in the performance sessions (C), tauP301L mice earned significantly fewer reinforcers during learning sessions (D).
Fear conditioning
10 s trace
We first used a trace protocol [conditioned stimulus (CS): 15-s duration, 85 dB 3 kHz; Trace: 10-s; unconditioned stimulus (US): footshock, 2 s; Trials: 5] implemented by Taconic, as part of their comprehensive phenotypic data package [24] and pharmacologically validated using drugs capable of inducing memory deficits [25] . During training, no significant differences in percent time freezing between control and tauP301L mice were observed before the first CS presentation (baseline freezing; F(1, 17) = 0.74, p = 0.40), indicating similar activity levels for the two groups. No effect of transgene was observed on the expression of freezing during the tone CS (Tg : F(1, 17) = 0.585, p = 0.46; trial × Tg: F(4, 68) = 0.69, p = 0.60) or trace (Tg: F(1, 17) = 1.69, p = 0.21; trial × Tg: F(4, 68) = 0.751, p = 0.56), suggesting similar expression of fear (measured as freezing) between the groups (Fig. 6A) . The following day, retention of the CS:US memory was assessed in a novel context (context B). There were no differences in baseline freezing level (F(1, 17) = 3.063, p = 0.10), conditional freezing in response to the tone CS (F(1, 17) = 0.326, p = 0.58) or trace CS (F(1, 17) = 0.638, p = 0.44) between the controls and tauP301L mice (Fig. 6B) , indicating retention for the CS:US memory following trace fear conditioning was intact for both groups. In contrast, when placed in the original training context (context A), retention of contextual CS:US memory was significantly impaired for tauP301L mice (F(1, 17) = 20.54, p < 0.0001; Fig. 6C ). 
30 s trace
To determine whether a longer trace might be more sensitive to the hippocampal alterations produced by expression of mutant P301L human tau, a second cohort of age-matched mice were tested using a longer (30 s) trace interval, a duration at which a betaamyloid mouse model of AD (5XFAD) was shown to exhibit trace fear conditioning deficits [26] . As with the shorter 10 s trace interval, there were no differences in baseline freezing (F(1, 18) = 1.33, p = 0.26) or expression of freezing during the tone CS (Tg: F(1, 18) = 0.51, p = 0.49; Trial × Tg: F(4, 72) = 0.69, p = 0.60) and trace (Tg: F(1, 18) = 0.83, p = 0.38; Trial × Tg: F(4, 72) = 2.20, p = 0.08) during training (Fig. 6D) . When placed into the novel context (context B), there were no differences in baseline freezing level (F(1, 18) = 3.32, p = 0.09). Though graphically conditional freezing in response to the tone CS was lower in tauP301L mice, this difference was not statistically different using traditional levels of significance (F(1, 18) = 3.46, p = 0.07). There was, however, a difference in conditional freezing in response to the trace CS (F(1, 18) = 5.31, p = 0.03); tauP301L mice froze significantly less than Control mice, indicating a failure to retain the trace CS:US memory (Fig. 6E) . When placed in the original training context (context A), tauP301L mice also exhibited deficits in the retention of contextual CS:US memory (F(1, 18) = 4.68, p = 0.04; Fig. 6F ).
Comparison of effect size for the three significant effects obtained using trace conditioning (i.e., retention of CS:US memory in the 10 s and 30 s conditions, and trace memory in the 30 s condition) were very large, requiring only 6-8 for a power of 0.80 (Table 2) .
CREB activity and pathological tau species in tauP301L mice
To assess the effect of P301L expression on CREB, a transcription factor involved in both short-and long-term memory [27] , total CREB and activated (phosphorylated at Ser133) CREB (pCREB) were compared in the hippocampi (Fig. 7A) and PFC (Fig. 7B ) of tauP301L and control mice. Though total CREB levels did not differ (PFC: F(1, 16) = 0.02., p = 0.90.; Hipp: F(1, 16) = 0.04, p = 0.85), pCREB (PFC: F(1, 16) = 4.32, p = 0.05; Hipp: F(1, 16) = 17.44, p = 0.0007) and the ratio of pCREB to CREB (PFC: F(1, 16) = 5.33, p = 0.03; Hipp: F(1, 16) = 22.70, p = 0.0002) was down-regulated in TauP301L mice.
A panel of antibodies directed at biochemical changes in tau associated with AD was used to determine the extent of tau pathology at 6.5 months of age ( Table 1) . As previously reported [3, 28] , the earliest positive labeling was identified using CP-13 and MC-1, which detect phosphorylation and conformation-specific changes, respectively (Fig. 8A ). CP-13 and MC-1 staining was observed throughout the hippocampus, but somatic neuronal staining was greater for CP-13 than MC-1. Similarly, CP-13 staining was found throughout the cortical layers, whereas MC-1 staining was observed only in the upper layers. Next, pretangles (accumulations of nonargyrophilic hyperphosphorylated tau in the neuronal cell body) were examined using AT-8 and PG-5 (Fig. 8B) . For AT-8, positive staining was observed in the upper layer of cortex but not the hippocampus, whereas for PG-5, no positive staining was observed in either region. To examine neuron loss, hematoxylin and eosin (H&E) stained tissue for tauP301L and controls were compared. To further supplement the examination of neuronal loss, tissue was also incubated with a neuron-specific antibody (NeuN). After 3 months of tau expression, there was no obvious cell loss in the hippocampus or cortex of tauP301L mice using either H&E or NeuN (Fig. 9 ).
Discussion
Previously published work suggests perinatal P301L tau expression produces alterations not observed following adult-onset tau expression [5] . Such findings are not surprising given the importance of tau in brain development [29] . The presence of developmental phenotypes unrelated to AD can make results obtained from these mice difficult to interpret, particularly in the case of preclinical drug studies. For example, recent work with a tet-off amyloid precursor protein (APP) model using the same CaMKII␣ examined here revealed that overexpression of APP during the early postnatal period produced severe locomotor hyperactivity, a phenotype attenuated by adult-onset APP expression. Such findings suggest overexpression of mutant proteins during the perinatal period can disrupt brain development, leading to long-lasting alterations unrelated to AD.
Fortunately, the tet-controllable nature of these mice offers a means of limiting the potential problems associated with perinatal mutant protein overexpression. Here, we provide evidence that short-term, adult-onset P301L tau expression results in behavioral deficits at a time when tau pathology is subtle and before readily detectable neuronal loss. Three months of adult-onset P301L tau expression resulted in early-stage tau pathology (CP-13 and Fig. 7 . Western blot analysis of total CREB, pCREB, and the ratio of pCREB to CREB in the hippocampus and prefrontal cortex (PFC) of tauP301L mice compared to controls. Total CREB expression did not differ between controls and tauP301L mice in the hippocampus (A) or PFC (B), but pCREB and pCREB/CREB was decreased in the hippocampus (A) and PFC (B) of tauP301L mice. * p < 0.05; *** p < 0.001. MC-1) in both the hippocampus and cortex, and some mid-stage tau pathology (AT-8) in the cortex, but not hippocampus. As previously noted in the Tg4510 model [3] , AT-8 positive staining was observed prior to the presence of PG-5 staining in the current study. The exact reason for this time-dependent pattern of staining is not clear, but it could be related to the kinases that phosphorylate these sites; phosphorylation of the PG-5 site has been reported to be PKAdependent [30] , whereas the AT8 site can be phosphorylated by either MAPK, GSK3, or CDK5 [31] . Based on a qualitative assessment, tauP301L mice did not exhibit readily detectable neuronal loss. However, it should be noted that subtle neuroanatomical differences might have occurred that were not easily revealed using a gross qualitative measure. Incorporation of more quantitative measures, such as unbiased stereology, in future studies may reveal differences not readily detectable by the qualitative assessment used here. The MWM deficits observed in the current study are similar to those reported previously in tauP301L mice expressing tau during development until approximately 3 months of age [2, 3, 9] . Memory deficits were not observed when tau expression was suppressed. Though some labs have reported more severe memory deficits for female Tg(tauP301L)4510 mice than males in the MWM (e.g., [32] ), we did not observe sex differences in any of the behavioral tasks used in the current study. There are a few differences between the two studies that may account for this discrepancy. First, the previous finding of sex differences in the MWM was observed after 5.5 months of tau expression [32] , whereas mice in the present study expressed tau for only 3 months. It is possible sex differences would become apparent if the duration of tau expression in the adult-onset model used here was longer. Second, mice in the previous study expressed tau during development, and thus, it is possible the sex differences arose due to differential consequences of developmental tau expression in males versus females. Comparisons of males and females at later time points in the adult-onset P301L model would help address these issues.
To our knowledge, this is the first reported use of an IRA procedure with a transgenic tau model. This task allows for longitudinal, daily testing of the same mice. Because this procedure begins with a short chain (1 nose poke) and only increments to progressively longer chains if the behavior meets pre-set criteria, the IRA procedure effectively adjusts difficulty according to the mouse's performance. This is in contrast to some procedures where the chain increase is determined by the investigator, irrespective of the mouse's ability and performance (see [33] for review). The incremental, mastery-based version used here prevents the task from becoming so difficult that responding deteriorates due to a lack of reinforcers (milk deliveries). In fact, in the current study, both responding and the number of reinforcers earned (Fig. 4 ) increased across sessions, suggesting this task was effective at maintaining behavior. The similarity in responding between controls and tauP301L mice in later sessions also suggests tauP301L mice do not exhibit motor deficits.
In the current study, tauP301L mice exhibited deficits in PQ after 7 sessions (Fig. 3E) . DOX was removed from the drinking water of these mice prior to autoshaping of nose poke responses, which took approximately two weeks. Thus, PQ deficits were observed after just 3 weeks of tau expression. In our previous work [3, 9] , PCI in the MWM was decreased for tauP301L mice at 1.3 months of age (after 4-5 weeks of tau expression assuming PN day 7 is the first day of expression [3] ), but this decrease was not statically significant. Thus, the IRA task might be more sensitive to the early effects of tau expression. Identification of the tau alterations (e.g., phosphorylation epitopes, tau cleavage products, etc.) present at this time could be of significance for determining the earliest change in tau responsible for memory deficits. However, one caveat of this tet-off model is that DOX efficacy is not 100%, but closer to 85-90% [2] . Consequently, the early deficits observed here might be due in part to a slow "leakage" of tau. The lack of deficits in pre-tau MWM testing suggests this is not the case, though the MWM may not be sensitive enough to detect such a mild effect.
Two surprising findings resulted from IRA testing. First, the effect size between the controls and tauP301L mice during acquisition, after approximately 5-6 weeks of tau expression, was greater than group differences at the end of the performance chain, after approximately 14 weeks of tau expression. One possible explanation is that overtraining occurred [34] . Previous work in the triple transgenic (3 × Tg) mouse model of AD, which harbors two familial AD mutations, APP(Swe) and PS1(M146V), and the P301L tau mutation, reveals that use of 15 training trials, as opposed to 5 training trials, can attenuate group differences in the Barnes maze task [35] . However, the increasing disparity between groups observed in successive probe trials following additional training in the MWM (Fig. 2D ) weakens this argument, though differences in the task preclude definitive conclusions. A second, and perhaps more likely, possibility is that a ceiling was reached for the controls. Several of the controls reached the maximum six-link chain programmed, and thus, the mean chainlength, accuracy, and PQ values could not increase for these control mice. In future studies, use of longer chains may allow for continued improvements in the controls, thereby increasing the dynamic range of this task.
A second surprising finding was the small difference observed for PQ in the learning sessions. Previous use of an IRA task with Ts65Dn mice, a model of Down syndrome, revealed greater differences in learning, as opposed to performance, of chains [36] . However, several methodological differences were noted between these studies. In the current study, a mouse-driven, mastery-based advancement of chain length was used, whereas in the Ts65Dn study, an investigator-initiated advancement in the chain length was used. Greater differences may have been obtained in the learning sessions of the current study had we forced mice to accurately respond under a longer chain to earn reinforcers, but responding may have ultimately decreased in tauP301L mice if these mice failed to earn a similar number of reinforcers over the 90 sessions examined here. Second, for the Ts65Dn study [36] , the performance sessions were used to ensure similar motivation and motoric abilities were observed between the groups, and therefore, the correct response in the performance sessions was indicated by illumination of the nose poke. By indicating the correct response, the need for memory was eliminated in the Ts65Dn study. In contrast, the performance sessions of the current study were used to examine reference memory, and therefore, the correct response was not indicated.
For fear conditioning, group differences in the trace CS:US memory were observed only in the 30 s trace paradigm. Lengthening the trace did not have an effect on the trace CS:US memory of controls; controls exhibited a similar degree of freezing when tone and trace memory were examined at 10 and 30 s. Instead, freezing for the tauP301L mice in the 30 s trace paradigm decreased compared to the freezing of tauP301L mice in the 10 s trace paradigm. Previous work suggests reliance on the hippocampus for trace fear memory increases when conditioned using longer trace intervals [37] , which might explain the greater sensitivity of the 30 s trace paradigm. Deficits for the contextual CS:US memory in tauP301L mice were observed at both the 10 and 30 s trace interval, suggesting contextual conditioning might be particularly sensitive to P301L tau expression. Future studies are needed to determine whether delay conditioning might produce similar contextual deficits in this tau model.
One caveat of the fear conditioning studies is that graphically tauP301L mice appear to freeze less than controls in all situations except freezing prior to conditioning. This lower level of freezing could mean tauP301L mice are more hyperactive in general. Future studies are needed to address this possibility and should include unpaired groups in which the tone has no predictive value. If similar freezing levels are obtained between controls and tauP301L mice in the unpaired condition, hyperactivity could be ruled out as a possible explanation for contextual deficits. Though the current study cannot rule out hyperactivity, the lack of graphical differences prior to conditioning, along with previous findings that tauP301L mice have similar levels of exploratory behavior and anxiety-like behavior [38] , suggests the differences obtained are not due solely to differences in hyperactivity.
Important in the design of any study is inclusion of enough subjects to reach statistical differences if differences exist. Failure to do so can result in underpowered studies and a misinterpretation of the results. Here, we provide the effect and sample sizes needed for each of the behavioral tasks used. For the MWM, our results suggest deficits might not be readily detectable with a small sample size if only 1-2 probes are examined early in training. Because controls continued to improve with additional training, the dynamic range of subsequent probe trials increased, and differences were more readily observed in later probe trials. Researchers wanting to examine mice longitudinally could use relatively few mice and detect defects in the performance, but not learning, sessions of the IRA task. If a short protocol is needed, the two-day fear conditioning paradigm task requires very few mice to reach statistical significance.
Conclusions
In conclusion, we describe the effect and sample sizes needed for three behavioral tasks, including two tasks (IRA and trace fear conditioning) not previously used with the Tg(tauP301L)4510 mouse model. In addition, we provide evidence that the tet-off Tg4510 model provides a way to avoid mutant tau expression during the perinatal period, by suppressing tau expression until the brain is fully developed, and still produce readily observable memory deficits, as shown here in three behavioral tasks.
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